We show that vibrational energy can be used to tune the chemisorption state of an adsorbed molecule. When dosing C 2 H 4 with a supersonic molecular beam on Ag(0 0 1) we demonstrate by vibrational spectroscopy that, with increasing nozzle temperature, T N , ®rstly no stable adsorption occurs, then a p-bonded con®guration is populated, switching ®-nally to a more strongly, undissociated, di-r-bonded state. Direct dissociation is observed at still higher T N with the formation of dehydrogenated radicals. Ó
Introduction
The adsorption state of a gas molecule at the surface determines the possible products generated by catalytic processes. In particular, dissociative adsorption is often used to transfer subgroups from one molecule to another [1] . It is now well established by a number of investigations that, e.g., substrate temperature, gas pressure, and surface coverage directly aect the adsorption state. At low surface temperature physisorption and molecular chemisorption usually occur, switching to more or less dissociative adsorption with increasing surface temperature. High pressure may be employed to achieve a signi®cant (metastable) population of a chemisorbed state above its desorption temperature or possibly to access dierent adsorption sites [2] . Surface coverage of both main reactants and/or poisons or promoters also substantially aects the ®nal state, dissociative adsorption being usually favoured at low coverage and molecular adsorption near saturation [3] . Tentative steps to bridge the pressure gap were performed by employing supersonic molecular beams, which simulate the high energy tail of the Maxwell distribution. Recently such a technique was used to show that the adsorption state for O 2 / Pt(1 1 1) depends on the translational energy [4] . Vibrational excitation was demonstrated on the other hand to help H 2 to overcome the barrier to adsorption [5, 6] . More recently, in a laser experiment, highly excited (m 13 and m 15) NO molecules were found to react with Cu(1 1 1) inducing oxidation [7] .
In the present Letter, we show that dierent ®-nal adsorption states can be selected dosing vibrationally excited hydrocarbon molecules produced by a hot nozzle source. The importance of this result is twofold: (i) the relevant vibrational mode, the CC stretch, cannot be excited by optical www.elsevier.nl/locate/cplett techniques and (ii) only the ®rst excited state is signi®cantly populated as it is also the case under industrial reaction conditions. The eect is demonstrated for the case of ethylene interacting with Ag(0 0 1), a system relevant for the industrial production of ethylene epoxide [8, 9] . In accord with our previous investigation [10] where the role of rotational excitations in inhibiting the adsorption probability was reported, we ®nd that for nozzle temperatures, T N , lower than 850 K no stable adsorption occurs at a crystal temperature T S 105 K. At higher T N , on the contrary, irreversible adsorption takes place with substantial initial sticking probability S 0 10%.
Experimental
Ethylene is dosed at normal incidence by a supersonic molecular beam with a ceramic nozzle thus allowing vibrationally hot beams of reactive molecules to be obtained. Translational and internal energy can be varied independently by employing either a pure or a seeded (3% C 2 H 4 in He) beam and by heating the nozzle source. The translational energy E t is determined by the time of ight from a mechanical chopper to the detector of a quadrupole mass spectrometer in line of sight. The temperature of the nozzle, or more correctly the temperature of the gas inside the nozzle T N , was calibrated by comparison with the measured ight time of a pure Ne beam, as explained previously in detail [10] . T N values as high as 910 K have been reached: under such conditions substantial vibrational excitation occurs but thermal dissociation is still negligible, as the residence time of the gas molecules in the hot part of the nozzle is 40 ms (estimated from the measured¯ux), while the time required to achieve a 0.1% dissociation of the weakest bond in the molecule (CH, 412 kJ/ mol) can be estimated following Ref. [11] to be 100 s at T N 1000 K, i.e. 2000 times longer. The inert ceramic nozzle moreover ensures that no surface assisted dissociation takes place inside the source. The surface is prepared by ion sputtering and annealing at a surface temperature T S 740 K until no losses are detected by high resolution electron energy loss spectroscopy (HREELS). The degree of order of the surface layer was checked by low energy electron diraction (LEED). Vibrational HREELS is used to monitor the state of the adsorbates: spectra are taken in specular (at 63°f rom the surface normal) at an electron energy of 1.6 or 3.6 eV. Most experiments were repeated with deuterated ethylene to take advantage of isotopic labelling in the assignments of the loss features. The expected frequency ratio is 1.36 for the CH stretch, 1.32 for CH 2 bending and 1.41 for H±Ag vibrations [12] as found experimentally for C 2 H 4 /O/Ag(1 1 0) by Backx et al. [13] .
Results and discussion
In Figs. 1 and 2 , we show HREEL spectra recorded after dosing a pure beam of ethylene or deuterated ethylene on the clean and on the oxygen covered Ag(0 0 1) surface at T S 105 K with the nozzle at dierent temperatures. After dosing on the clean surface ( Fig. 1 ) no losses are observed at the lowest T N values indicating that no appreciable adsorption takes place (the molecules in the physisorbed state investigated in Ref. [10] desorb in a much shorter time (1 s) than the time needed to get a HREEL spectrum (10 min)). For T N 850 K (E t 0X35 eV), on the contrary, ethylene adsorbs nondissociatively as witnessed by the peaks at 32 (30), 117 (89) and 367 (273) meV (see left (right) panel in the ®gures, where the number in parentheses gives the energy loss for deuterated ethylene). Comparing such frequencies with those reported for gas phase molecules and for ethylene adsorption on Ag(1 1 0) [13] and taking the isotopic shifts into account we assign the modes, respectively, to the molecule±surface stretch, to the wagging and to the CH stretch motion of pbonded C 2 H 4 . The assignment is con®rmed by the observed desorption temperature of 140 K, typical of this moiety on Ag [13, 14] . The loss frequencies are summarised in Table 1 . The CH stretch mode is excited by impact scattering [16] , but its weakness also at other primary beam energies is indicative that the molecule lies¯at on the surface in accord with the NEXAFS result [17] . We obtained a very similar spectrum after dosing vibrationally cold molecules impinging with similar transla-tional energy E t 0X36 (0.40) eV, obtained by seeding 3% of C 2 H 4 C 2 D 4 in He and keeping the nozzle at room temperature as shown in Fig. 1 (adsorption in the p-bonded state in such conditions is a minor channel, physisorption being much more important, with S 0 0X35 [10] ). The adsorption process is thus activated and an early barrier is present between physisorbed and pbonded states. Adsorption in the latter state also occurs with T N 300 K for an oxygen precovered surface (Fig. 2) thus implying that the barrier is smaller, or even missing, in the presence of oxygen. This eect is well known and was already reported for O/Ag(1 1 0) [13] .
When dosing with a slightly hotter nozzle (T N 870 K, for which E t 0X36 eV) the HREEL spectrum changes completely. For the hydrogenated moiety it is now dominated by a doublet at 112 and 124 meV, which corresponds to a single loss at 89 meV for the deuterated species. Minor losses are present at 69, 85, 177 (129) and 370 (275) meV, where the value in parentheses again refers to deuterated ethylene. The loss at 146 meV of C 2 D 4 has no visible counterpart for the hydrogenated case. In the presence of O coadsorption, another faint loss is present at 158 meV. Ethylene desorption occurs over a broad T S range extending up to 200 K (see Fig. 3 ) indicating that, in addition to the p-bonded species, another more strongly bonded moiety has formed (the loss at 117 meV, a signature of the p-bonded species, is covered by the doublet structure). Zhou and White [14] observed a C 2 H 4 desorption peak at around 200 K on Ag(1 1 1) after heavy irradiation of p-bonded ethylene with electrons. The higher desorption temperature was explained with the formation of either di-r-bonded ethylene or vinyl (CH±CH 2 ).
To identify the relevant species, formed in our case, the measured vibrational spectra may be used as ®ngerprints [12, 15] : the wagging mode of the CH 2 groups falls in the range 110±140 (90±115) meV [18] , for CH groups this mode shifts to 90± 110 (65±85) meV [18] ; the CH 2 scissor mode is between 165 and 180 meV [18] ; the CC stretch was found between 130 and 200 meV [18] ; the CH stretch is between 360 and 390 meV (265±285 meV for deuterated moieties) [18] . The peaks at 112±124 (89) and at 370 (275) meV can thus be unambiguously assigned to the CH 2 wag and CH stretch, respectively. The presence of the splitting of the wagging mode for the protonated case could be explained by the occurrence of a Fermi resonance: the candidate for the fundamental mode of the overtone is either the molecule±surface stretch at 69 meV (which in this case must be strongly anharmonic) or the dipole forbidden frustrated translation of the molecule. The weaker loss at 177 (129) meV corresponds to the scissor mode, while the loss at 158 meV is connected to the one at 146 meV for the deuterated species and is assigned to the CC stretch. The loss at 69 meV must ®nally be due to the stretch motion of the whole molecule against the surface. The analysis of the vibrational frequencies is therefore strongly indicative that the molecule is still intact. The CC vibrational frequency of 158 meV as well as a pr-parameter of 0.50 [19] point towards di-r-bonded ethylene. The small intensity of the CC stretch peak, usually signi®cant for di-r species, is not too problematic as this loss is very weak also for the clear cut di-r case C 2 H 4 /Ru(0 0 1) [20] . Moreover, the spectra reported in the literature for the possible fragments do not match the observed losses. In particular the vibrational spectrum of vinyl, whose formation was suggested by Zhou and White [14] , was measured for adsorption on Ni(0 0 1) [21] and exhibits a doublet at 114 and 95 meV, corresponding to the wagging modes of the CH 2 and CH groups, respectively, with twist (145 meV), rock (160 meV) and scissor (176 meV) modes of comparable intensity, contrary to our experimental result. Moreover the CH stretch of vinyl has two components at 365 and 386 meV, which are not observed in our case. Vinyl formation can therefore be excluded for Ag(0 0 1). Similar arguments hold for other decomposition products like: ethylidyne, CH 3 C, whose spectrum is dominated by CC stretch and scissor losses [22] ; methylene, CH 2 for which a strong scissor mode is expected [23] ; acetylide, CCH, whose wag mode is reported at 94 meV on Ru(0 0 1) [18] and methylidyne, CH, whose wag mode is reported at 99 meV on Fe(1 1 1) while a strong CH stretch is present at 377 meV [24] . We can thus safely conclude that the layer obtained when dosing pure ethylene with T N 870 K consists mainly of undissociated, most likely di-r-bonded, ethylene molecules. For the same reasons, the loss at 86 (64) meV, which grows with T N , cannot be due to undissociated ethylene, being too low for a wagging mode of a CH 2 group; moreover it shifts isotopically as a CH vibration. Its presence is therefore indicative that fragmentation has occurred. At T N 900 K the spectra also show a strong CH stretch at 381 (283) meV, which does not belong to the same radical responsible for the 86 (64) meV vibration because, as demonstrated in Fig. 2 , the latter loss is associated with a weak mode at 360 meV. Two additional species, with a CH group, must therefore form at the highest T N . Vinyl and ethylidyne can be excluded as otherwise strong CC and scissor modes should be observed. We propose that they are acetylide (CCH), associated with the CH stretch at 360 (264) meV, and methylidyne (CH), associated with the strong CH mode at 381 (283) meV, the intensity of the CH stretch being higher for the upstanding CH radical. The wagging modes of CH and CCH are close in energy and are thus not resolved in our spectra, merging into the loss at 86 (64) meV. Our assignment is supported by the frequencies reported in literature for acetylide and methylidyne: the wag mode of CCH was found at 94 (68) meV on Ru(0 0 1) [18] and Pd(0 0 1) [25] , while for CH it was reported on Ru(0 0 1) at 101 (77) meV [18] and on Pd(1 1 1) at 95 meV [26] . The CH stretch frequency increases from 370 (276) to 376 (281) meV when switching from acetylide to methylidyne on Ru(0 0 1), in accord with our assignment. Fragmentation implies that H atoms should also be present at the surface giving rise to a small intensity loss. According to Ref. [27, 28] the Ag±H stretch is either at 60 (for Ag (1 1 0) ) or at 100 meV (for Ag (1 1 1) ). In our case this loss could be hidden by the peak at 69±71 meV assigned to the molecule±surface stretch. Indeed a loss with the expected isotopic ratio, i.e., at 51 meV, is observed when dosing C 2 D 4 at T N 900 K (see Fig. 1 ) and disappears above 173 K (see Fig. 3 ).
Finally, the moiety vibrating at 92 (68) meV, see Fig. 3 , formed when heating the crystal in the presence of di-r-bonded ethylene or of the fragment vibrating at 86 (64) meV, is assigned to a product resulting from the assembly of dehydrogenated radicals, as suggested by its high thermal stability and by its wag frequency [29] .
Conclusions
The relevant vibrational excitation in the gasphase for the formation of di-r-bonded ethylene is identi®ed with either the CC stretch or the CH 2 wag. Relevance of the CH stretch mode is excluded as it is populated only by 0.005 % of the molecules at T N 870 K while S 0 is of the order of 10% [10] . At this temperature the fraction of molecules in the ®rst excited state of the CC stretch vibration (203 meV in the gas phase) is of the order of 7% and compares therefore favourably with S 0 , while the population of the excited state of the wag mode is of the order of 20% but some other factor might limit S 0 to values lower than 0.2. Both a larger CC distance and a distortion of the molecule from the planar geometry of the gas phase are expected to favour adsorption into the di-r chemisorbed phase. The same arguments hold for the formation of CCH and CH radicals.
The relevance of vibrational excitation is de®nitively proved by the fact that, as demonstrated in Fig. 1 , after dosing C 2 D 4 seeded in He (3%) with T N 300 K, corresponding to a translational energy E t 0X40 eV, no dissociation takes place while it occurs readily when dosing with the pure beam at T N 900 K (E t 0X37 eV) as indicated by the loss at 64 meV.
However, when T N increases between 850 and 910 K, the population of excited states of the CC bond increases only from 6.8% to 8.3% and that of the wag mode from 0.20 to 0.22 while E t increases by only about 20 meV. This implies that:
(a) the barrier to adsorption in the r-bonded and into the dissociated state strongly depends on the vibrational state, so that such states are not accessed by vibrationally cold molecules even at E t 0X4 eV; (b) the translational energy threshold for adsorption into the r-bonded state for vibrational excited molecules is 0.35 eV and the barrier width is quite small as a signi®cant population of the r-bonded state is achieved for E t 0X36 eV but not for E t 0X35 eV. At T N 870 K, E t is high enough to allow some of the vibrationally hot molecules to access the r-bonded state while at T N 850 K only adsorption into the p-bonded state occurs.
In conclusion, by changing the internal (vibrational) energy of ethylene molecules we can select the ®nal adsorption state at a given temperature and pressure. This result is expected to be quite general and important under catalytic conditions as vibrationally hot molecules are present in the tail of the Boltzmann distribution and may play a key role in some reactions such as, e.g., the so far unsolved ethylene epoxidation.
